Pseudomonas aeruginosa produces three exopolysaccharides, Psl, Pel, and alginate, that play vital roles in biofilm formation. Pel is a glucose-rich, cellulose-like exopolysaccharide. The essential Pel biosynthesis proteins are encoded by seven genes, pelA to pelG. Bioinformatics analysis suggests that PelF is a cytosolic glycosyltransferase. Here, experimental evidence was provided to support this PelF function. A UDP-glucose dehydrogenase-based assay was developed to quantify UDP-glucose. UDP-glucose was proposed as the substrate for PelF. The isogenic pelF deletion mutant accumulated 1.8 times more UDP-glucose in its cytosol than the wild type. This suggested that PelF, which was found localized in the cystosol, uses UDP-glucose as substrate. Additionally, in vitro experiments confirmed that PelF uses UDP-glucose as substrate. To analyze the functional roles of conserved residues in PelF, site-directed mutagenesis was performed. The presence of the EX 7 E motif is characteristic for various glycosyltransferase families, and in PelF, E405/E413 are the conserved residues in this motif. Replacement of E405 with A resulted in a reduction of PelF activity to 30.35% ؎ 3.15% (mean ؎ standard deviation) of the wild-type level, whereas replacement of the second E, E413, with A did not produce a significant change in the activity of PelF. Moreover, replacement of both E residues did not result in a loss of PelF function, but replacement of the conserved R325 or K330 with A resulted in a complete loss of PelF activity. Overall, our data show that PelF is a soluble glycosyltransferase that uses UDP-glucose as the substrate for Pel synthesis and that conserved residues R325 and K330 are important for the activity of PelF.
P
seudomonas aeruginosa is an opportunistic pathogen responsible for chronic pulmonary infections in cystic fibrosis patients. It causes persisting infections due to its ability to form biofilms (1) . Inside the biofilm matrix, bacterial cells are protected from adverse effects of antibiotics and the host immune response (2) . The biofilm matrix is mainly composed of extracellular DNA (eDNA), proteins, and exopolysaccharides (EPS). Three important exopolysaccharides that are synthesized and secreted by P. aeruginosa are alginate, Psl, and Pel (3) .
Alginate is a polymer of manuronic acid and guluronic acids. Its biosynthesis pathway involves 13 genes (algC, algD, alg8, alg44, algK, algE, algG, algX, algL, algI, algJ, algF, and algA) (4) . The exopolysaccharide, Psl, consists of a repeating pentasaccharide containing D-mannose, D-glucose, and L-rhamnose. It is synthesized and secreted by proteins encoded by the psl operon (pslApslO) (5) .
The formation of a layer of polymer/cells at the air-liquid interface of a P. aeruginosa static culture is termed pellicle formation. It is controlled by the pel operon, which is composed of seven genes (pelA, pelB, pelC, pelD, pelE, pelF, and pelG), all of which are essential for pellicle formation (5, 6) . Pellicle formation is attributed to the ability of P. aeruginosa to synthesize and secrete the Pel polysaccharide. Carbohydrate component analysis and cellulase treatment of exopolysaccharides produced by a Pel-deficient P. aeruginosa mutant and the wild type suggested that Pel is a glucose-rich cellulose-like polysaccharide (5, 7) . In addition, another study showed that the pellicle is composed of lipopolysaccharidelike molecules (8) .
The roles of the proteins encoded by the pel operon have only been determined for PelC and PelD. PelC is an outer membrane lipoprotein that is presumably involved in transportation of Pel to the bacterial cell surface (9) , whereas PelD is a bis-(3=,5=)-cyclic dimeric GMP (c-di-GMP)-binding protein that is involved in posttranslational regulation of Pel production (10) . The roles of PelA, PelB, PelE, PelF, and PelG have not yet been shown experimentally. However, on the basis of sequence homology, it has been predicted that PelG could be a member of the polysaccharide transporters (PST) family; PelD and PelE, the proposed inner membrane proteins, are presumably involved in the transfer of Pel across the cytoplasmic membrane; and PelA displays weak sequence homology with glycosylhydrolase enzymes (6) . PelB has been proposed as a multidomain protein containing a periplasmic and an outer membrane domain. The C-terminal domain is proposed to contain a ␤-sheet structure and is suggested to be an outer membrane protein, like AlgE (11) . This domain might function as a porin involved in polysaccharide secretion, whereas homology modeling has suggested that the N-terminal periplasmic domain shows similarity with anaphase-promoting complex/cyclosome subunit Cdc 16/Cut9 (PDB ID 2XPI). This domain might be involved in protein-protein interactions, due to the presence of tetratricopeptide-like repeats (TPR) (12) . Bioinformatics analysis of PelF suggested that it is a glycosyltransferase (6) .
Biosynthesis of polymers in bacteria is under extensive research. A comprehensive analysis of polymer biosynthesis in bacterial species has been previously published (13) . Glycosyltransferases are required for initiation or elongation of carbohydrate chains during polysaccharide biosynthesis. These enzymes transfer an activated mono-or oligosaccharide residue to an existing acceptor molecule, forming a glycosidic bond. Glycosyltransferases use a nucleotide phospho-sugar (Leloir type) or an oligo-saccharide (non-Leloir type) as the glycosyl donor, and monosaccharides, oligosaccharides, polypeptides, nucleic acids, and lipids act as acceptors to catalyze the formation of a glycosidic bond. The reaction can result in inversion or retention of the anomeric configuration of the donor sugar in the product and, as such, can be referred to as inverting or retaining glycosyltransferases, respectively (1). The Carbohydrate Active Enzyme (CAZy) database (www.cazy.org) has divided all glycosyltransferases into 94 families (as of July 2012) based on the classification described by Campbell et al. (14) and by Coutinho et al. (15) . Despite great primary structure diversity, the tertiary structure of most glycosyltransferases is conserved. All structures of nucleotide-sugardependent glycosyltransferases solved to date have shown only two general folds, termed GT-A and GT-B (15) (16) (17) (18) . Bioinformatics analysis has suggested the presence of a third fold, GT-C (19) . The GT-A and GT-B folds are Rossman-like folds that consist of two ␤/␣/␤ domains. In the GT-A fold, both domains are closely associated, forming a compact globular structure that displays distinct nucleotide-and acceptor-binding sites (18) . A DXD motif is commonly found in GT-A enzymes, in which the glutamic acid carboxylate groups coordinate a divalent cation (Mg 2ϩ and Mn 2ϩ ) and/or a ribose (14, 15) . Although the DXD motif is considered to be a signature of GT-A glycosyltransferases, it has been found that this motif is not absolutely conserved (20) . Alternatively, the DXD motif is present in many proteins that are not glycosyltransferases. The GT-B fold consists of two less-tightly associated domains facing each other in such a way that a cleft containing the active site is formed. In contrast to the GT-A fold, the GT-B fold lacks any DXD motif and, as such, works by a metal ion-independent mechanism (21) . Most of the CAZy GT-4 family glycosyltransferases contain a conserved EX 7 E motif at their C terminus (15) . These two conserved glutamic acid residues are suggested to be involved in catalytic activity, but their role has not yet been confirmed (15) .
PelF belongs to glycosyltransferase family 4 (GT-4) in the CAZy database. Members of the GT-4 family are retaining glycosyltransferases that display a GT-B fold. In this study, the functional role of PelF was investigated. The in vivo and in vitro activities of PelF were studied with respect to its role in biosynthesis of Pel and the formation of the pellicle at the air-liquid interface. In this study, the key amino acid residues essential for the function of PelF were identified.
MATERIALS AND METHODS
Construction of the plasmid carrying a His 10 -tagged PelF gene. To construct the His-tagged PelF-carrying plasmid, pelF was amplified by PCR with the primers PelF-His-Frw and PelF Rev (Table 1) by using plasmid pBBR1MCS-5::pelF (3) as the DNA template. The product was inserted into pGEMT-Easy (Promega, Sydney, Australia), and the resulting plasmid was propagated in Escherichia coli Top10 (Promega, Sydney, Australia) and isolated with a High Pure plasmid isolation kit according to the manufacturer's instructions (Roche). The DNA sequence was confirmed, and the plasmid was transformed into E. coli JM110 to avoid methylation of the XbaI site. pGEMT-easy-His 10 -PelF purified from E. coli JM110 was digested with NdeI and XbaI to obtain the fragment encoding His 10 -PelF. In vivo activity of PelF. The plasmid pBBR1-MCS5::His 10 -PelF was used to transform ⌬pelF mutants of P. aeruginosa for complementation experiments. The in vivo activity of PelF was assessed in pellicle formation assays and Congo red binding assays, as previously described (3) .
Subcellular localization of PelF. P. aeruginosa strains were grown for 12 to 14 in LB medium, diluted 1:50 in new LB medium, and then grown for 8 h to obtain an optical cell density at 600 nm of 1.5 to 1.6. The cells were collected by centrifugation at 5,000 ϫ g for 10 min at 4°C. Cell sediments were washed twice with saline (150 mM NaCl, pH 7.2), and then the cells were resuspended in 50 mM HEPES buffer (pH 7.4). The cell suspension was sonicated at 30% intensity for 10 cycles of 15 s followed by 10 s of cooling. Cellular debris and unlysed cells were removed by centrifugation at 15,000 ϫ g for 20 min at 4°C, and the supernatant was centrifuged at 100,000 ϫ g for 2 h. The supernatant (soluble fraction) was transferred to a clean tube and used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. The sediments were resuspended in 800 l of 50 mM HEPES buffer (pH 7.4) and washed by centrifugation at 100,000 ϫ g for 2 h. The washing procedure was repeated twice. This washed pellet was used for SDS-PAGE and immunoblotting.
Analysis of proteins. Protein extracts from P. aeruginosa containing plasmids pBBR1-MCS5 (negative control) and pBBR1-MCS5::His 10 -PelF (carrying His 10 -PelF) were separated by SDS-PAGE (23) . Proteins were electroblotted onto a nitrocellulose membrane (Protran BA 83; Schleicher & Schuell) and then incubated with HisProbe-horseradish peroxidase conjugate (HisProbe-HRP; Pierce). Immunoblots were developed using a chemiluminescence protocol according to the manufacturer's manual (SuperSignal West HisProbe; Pierce).
Enrichment of PelF. The His 10 -tagged PelF was enriched from protein extracts by using His-Spin protein miniprep (HSMP) columns (Zymo Research) in HSMP buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 10 mM ␤-mercaptoethanol, and 1ϫ Roche EDTA-free Complete protease inhibitor). P. aeruginosa strains containing pBBR1-MCS5:His 10 -PelF were grown in 500 ml pseudomonas isolation (PI) medium for 14 h at 37°C with shaking. Cells were collected by centrifugation at 15,000 ϫ g for 2 min, and the cell pellet was washed twice with saline (150 mM NaCl, pH 7.2) and resuspended in 5 ml of HSMP buffer containing 10 mM imidazole. The cell pellet was lysed by sonication as described above for subcellular fractionation. The cell lysate was centrifuged at 15,000 ϫ g for 20 min to remove unlysed cells and cell debris, and 5 ml of supernatant was collected for further treatment. A volume of 250 l of supernatant was incubated in a His-Spin protein miniprep column for 3 min and then centrifuged to remove unbound proteins. This was repeated until the whole 5 ml of supernatant had been processed through the column. Finally, the column was washed thrice with HSMP buffer containing 50 mM imidazole, and protein was eluted with 100 l of HSMP buffer containing 300 mM imidazole. Pseudomonas aeruginosa PAO1 ⌬pslA ⌬pelF cells containing plasmid pBBR1-MCS5 were subjected to the same method to obtain the PelF-deficient elution fraction. Both the His 10 -PelF-containing and PelF-deficient elution fractions were analyzed by SDS-PAGE.
Quaternary structure analysis by gel filtration chromatography. Elution fractions containing PelF were loaded onto a Superdex S-200 10/300 GL column (GE Healthcare, Piscataway, NJ) preequilibrated with 50 mM phosphate (pH 7.6), 150 mM NaCl, and 10 mM ␤-mercaptoethanol. A flow rate of 0.3 ml/min was used.
PelF and copurified protein identifications. Proteins that were abundant and with an apparent molecular mass expected for PelF, as well as three other proteins with apparent molecular masses of 88 kDa, 35 kDa, and 19 kDa, were analyzed by tryptic peptide fingerprinting using matrixassisted laser desorption ionization-time of flight-time of flight mass spectrometry (MALDI-TOF-TOF/MS).
Quantification of UDP-glucose in cell lysates. Overnight cultures of Pel-producing and Pel-deficient mutants were diluted 1:50 in fresh PI medium and incubated at 37°C for 12 to 14 h until an optical cell density at 600 nm of 2.0 was obtained. Cultures were collected by centrifugation at 5,000 ϫ g for 10 min at 4°C, and cells were washed twice with saline. Washed cells were diluted in HSMP buffer containing 10 mM imidazole. Cells were lysed by sonication as described above. The cell lysate was centrifuged at 15,000 ϫ g for 20 min at 4°C to remove cellular debris and unlysed cells. Finally, the supernatant was centrifuged at 100,000 ϫ g for 2 h to obtain the soluble fraction. To account for the amount of bacteria in the supernatant of each sample, quantification from the UDP-glucose assay was normalized to the amount of total protein in each sample. Total protein concentrations in all supernatants (subcellular fractions) were measured using the Bradford protein assay kit (Bio-Rad). A volume of 50 l of each soluble fraction was added to the corresponding well of a 96-well flat-bottomed Greiner Clear plate, and the absorbance at 340 nm was recorded. Each well containing a soluble fraction was mixed with 0.01 units of UDP-glucose dehydrogenase (Calbiochem, La Jolla, CA) and 4 mM NAD ϩ (Sigma). The reaction mixtures were incubated at 30°C for 0, 10, 15, 20, 25, 30, 35, 40, and 45 min, and the absorbance at 340 nm was recorded after each incubation period. The quantity of NADH produced in the reaction at each time point was calculated using the absorbance at 340 nm (ε NADH , 6,220 m Ϫ1 cm Ϫ1 ). The moles of NADH produced per ml of samples was calculated using Beer's law, and total UDP-glucose used in the reaction was calculated.
PelF activity. Soluble subcellular fractions (30 l) obtained from PelF-deficient mutants were added to 96-well flat-bottomed plates. Half of these wells were mixed with 20 l of the PelF-enriched elution fraction containing 20 g of total protein, and the remaining wells were mixed with 20 l of the PelF-deficient elution fraction as a negative control. Mixtures were incubated at 37°C for 1 h. After this incubation period, each well was mixed with 0.01 units of UDP-glucose dehydrogenase and 4 mM NAD ϩ , mixtures were incubated for 0 to 45 min at 30°C, and the absorbance at 340 nm was measured. The concentration of UDP-glucose was calculated using Beer's Law as described above.
Purification of Pel oligomers. A single colony of P. aeruginosa ⌬alg8 ⌬pslA (3), an alginate-negative and Psl-negative but Pel-producing mutant, was cultivated in 500 ml of PI medium as described above. The pellicle that formed at the air-liquid interface was mechanically removed and washed with MilliQ water. The pellicle was freeze-dried and weighed. The dried pellicle was suspended in 200 ml of 1% (wt/vol) NaOH and then boiled at 100°C for 30 min. After cooling, the digested pellicle material (Pel) was spun down by centrifugation at 7,000 ϫ g for 20 min. After centrifugation, Pel was dissolved in Cross-Beaver reagent (200 ml of 12.1 M HCl mixed with 100 g of ZnCl 2 ) and incubated for 15 h at room temperature. After incubation, the Pel in the Cross-Beaver reagent was slowly mixed with 4 volumes of 95% ethanol. The precipitate that formed after gentle shaking was centrifuged at 7,000 ϫ g for 30 min. The supernatant was discarded, and the Pel sediment was dissolved in 5 ml phosphate buffer. Purified Pel along with other components was incubated with 15 g/ml DNase I and 15 g/ml RNase A at 37°C for 6 h. Then, pronase E was added to a final concentration of 20 g/ml, and the solution was incubated at 37°C for a further 18 h. The Pel solutions were dialyzed against 5 liters of MilliQ water for 48 h and then freeze-dried. The dried Pel was subjected to acetic acid hydrolysis by heating it at 65°C for 2 h, and acetic acid was removed by evaporation. The dried material was scratched from the walls of the tube and weighed. Pel oligomers were dissolved at a concentration of 500 g/ml in HSMP buffer and used for the in vitro UDP-glucose dehydrogenase-based assay.
In vitro UDP-glucose dehydrogenase-based assay for PelF activity. Enzyme activity of UDP-glucose dehydrogenase was assessed as previously described (24) . To assess the enzymatic activity of PelF, a reaction mixture containing 50 mM HEPES buffer (pH 7.4), 2 mM UDP-glucose, 5 g Pel oligomers, and 20 g PelF was made. According to the reaction requirements for known glycosyltransferase cofactors, MgCl 2 or MnCl 2 or CaCl 2 , each at a concentration of 5 mM, was added. To assess the roles that the contents of different subcellular fractions may play, 5-l aliquots of soluble or inner membrane fractions containing 4 mg/ml protein were added to the reaction mixture. To study the roles of various-sized components in the soluble fractions, filtration of the soluble fraction was done through a filter with a 10-kDa cutoff. The retentate was dissolved in HSMP buffer containing 300 mM imidazole, and 5 l retentate suspension containing 4 mg/ml of total protein was added to the reaction mixture. Similarly, filtrate containing 1 mg/ml of total protein was added to the reaction mixture. In all cases, the total volume was adjusted to 40 l, and the mixtures were set in 96-well flat-bottomed Greiner Clear plates. Plates were incubated at 37°C for 0, 10, 15, 20, 25, 30, 35, 40 , and 45 min. All wells were mixed postincubation with 0.01 units of UDP-glucose dehydrogenase (Calbiochem, La Jolla, CA) and 4 mM NAD ϩ (Sigma), and the total volume was adjusted to 50 l. The reaction plates were incubated at 30°C for 1 to 10 min. The absorbance at 340 nm was measured. The moles of NADH produced per ml of sample was calculated by using Lambert-Beer's law, and total UDP-glucose used in the reaction was calculated.
UDP-glucose dehydrogenase-based assay using the heat inactivation and protease-soluble fraction. Three 1.5-ml microcentrifuge tubes were marked A, B, and C. In each tube, 250 l of soluble fraction containing 4 mg/ml total protein was poured. In tubes A and B, 100 g/ml protease (Sigma-Aldrich, Auckland, New Zealand) was added, and the mixture was incubated for 3 h. Tube B was heated at 95°C for 20 min (as recommended by the manufacturer, to inactivate the protease). Tube C was also heated at 95°C for 20 min to inactivate total proteins. All tubes were placed in ice for subsequent use in assays. A volume of 5 l from each tube was used to assess the activity of PelF in the presence of heat-treated and protease-treated soluble fractions. The assay was conducted as described above in the previous paragraph.
Site-directed mutagenesis of pelF. The plasmid pBBR1MCS-5::His 10 -PelF, which encodes the His 10 -tagged protein PelF, was used as a template. Site-directed mutations in the coding sequence of PelF were created using the site-directed ligase-independent mutagenesis (SLIM) method (25) (26) (27) . D303A, D362A, E405A, E413A, and E405A/E413A mutations were generated using four primers for each mutation. Instead of using all four primers in a single reaction, the primers were split into two pairs to produce two-tailed products, as described previously (27) . Briefly, primers FrwL and RevS for respective mutations were used to produce product A, and primers RevL and FrwS were used to produce product B. Both products A and B were treated with DpnI to digest the template plasmids. The two PCR products were mixed in equimolar amounts and allowed to hybridize by incubation in H buffer (150 mM NaCl, 25 mM Tris, 20 mM EDTA; pH 8.0) at 99°C for 3 min, followed by three cycles of 65°C for 5 min and 30°C for 40 min. Competent E. coli TOP10 cells were transformed using the hybridized products. Plasmid-containing cells were selected on LB medium containing 10 g/ml gentamicin. The plasmids were extracted and sequenced to confirm the mutations. For mutations D301A, D360A, R325A, K330A, and K333A, fragments PstI-D301A-SmaI and PstI-D360A-SmaI (Genscript, Piscataway, NJ) and PstI-R325A-SmaI, PstI-K330A-SmaI, and PstI-K333A-SmaI (Integrated DNA Technologies) (Table 2) , harboring the respective mutations, were commercially synthesized by the indicated company through the company customscience (Auckland, New Zealand). The plasmid pBBR1MCS-5::His 10 -PelF was isolated and digested with enzymes PstI and SmaI. The 253-bp fragment was replaced with PstI-D301A-SmaI, PstI-D360A-SmaI, PstI-R325A-SmaI, PstI-K330A-SmaI, or PstI-K333A-SmaI fragments to generate D301A, D360A, R325A, K330A, and K333A mutations, respectively. Competent E. coli TOP10 cells were transformed using plasmids harboring the corresponding mutations. The mutations were confirmed by sequencing and/or by restriction digest analysis. Confirmed plasmids were transformed into P. aeruginosa PAO1 ⌬pslA ⌬pelF to observe pellicle formation. Congo red binding assays were performed as previously described, and the relative percentage of Congo red binding was determined (3) . Congo red results are expressed as a percentage, with the percentages of Congo red bound to PelF-producing and PelF-deficient strains set as 100% and 0%, respectively. 10 -tagged PelF to restore pellicle formation in pelF deletion mutants. P. aeruginosa PAO1 ⌬pelF ⌬pslA (3) complemented with the plasmid pBBR1-MCS5::His 10 -PelF produced a pellicle at the air-liquid interface when grown in static culture, as shown by total Congo red staining of 72.5% Ϯ 3.8% (mean Ϯ standard deviation). In contrast, the pBBR1-MCS5-harboring mutant (negative control) was unable to form a pellicle at the air-liquid interface, and total Congo red staining of only 34% Ϯ 4.1% was obtained. Subcellular localization of PelF. Envelope and cytosolic fractions of mutants PAO1 ⌬pelF ⌬pslA harboring pBBR1-MCS5:: His 10 -PelF, PAO1 ⌬pelF ⌬pslA harboring pBBR1-MCS5, and PAO1⌬pslA were subjected to SDS-PAGE and immunoblotting with anti-His antibodies. Results showed that the His-tagged PelF was present only in the soluble fraction of PAO1 ⌬pelF ⌬pslA harboring pBBR1-MCS5::His 10 -PelF. The identified protein showed an apparent molecular mass of 58 kDa, which corresponds to the theoretical molecular mass of PelF (Fig. 1) .
RESULTS

Ability of N-terminally His
Purification and identification of PelF. The soluble fraction of the His 10 -PelF-producing strain was subjected to affinity chromatography by using Ni-nitrilotriacetic acid-agarose in order to purify His-tagged PelF. His-tagged PelF was partially purified, as shown by the SDS-PAGE analysis. A distinct protein band exhibiting an apparent molecular mass of 58 kDa was obtained (Fig. 2) . Tryptic peptide fingerprinting analysis in combination with MALDI-TOF/MS enabled identification of this 58-kDa protein as His 10 -PelF (Table 3 ). The native His 10 -PelF molecular mass was determined by gel filtration chromatography, and an apparent molecular mass of about 65 kDa was found. The ratio between estimated and actual molecular mass was 1.12, suggesting that the native PelF is present as a monomer. Three other proteins with apparent molecular masses of 88 kDa (band A), 34 kDa (band B), and 19 kDa (band C) (Fig. 2) coeluted with PelF. These proteins were absent in the elution fraction when we used the PelF-deficient mutant as the source. Tryptic peptide fingerprinting analysis in combination with MALDI-TOF/MS showed that the 88-kDa protein was an ATP-dependent protease (GI 15595976) and the 34-kDa protein was a hypothetical protein, PA4657 (GI 15599852) of P. aeruginosa. The third protein, with an apparent molecular mass of 19 kDa, showed the best match with a Gcn5-related N-acetyltransferase (GI 239721) of Serratia marcescens.
Is UDP-glucose the substrate of PelF and a precursor for Pel synthesis?
In order to assess whether the presence or absence of PelF impacts the intracellular concentration of UDP-glucose, the proposed substrate for PelF, a UDP-glucose dehydrogenase-based assay was developed. The UDP-glucose dehydrogenase-based assay was performed as described in Materials and Methods. The UDP-glucose dehydrogenase displayed typical Michaelis-Menton kinetics under these conditions, yielding a K m of 77 M and V max of 44 mol/minute, enabling sensitive detection of UDP-gluocse in the reaction mixture.
The UDP-glucose concentrations of the soluble fractions of each of the PelF-deficient and PelF-producing strains were analyzed using this new method and yielded 0.97 Ϯ 0.06 and 0.533 Ϯ 0.042 mol/mg of protein, respectively.
When partially purified His 10 -PelF was added to the cell lysate of the PelF-deficient mutant, the concentration of UDP-glucose was reduced from 1.02 Ϯ 0.06 to 0.66 Ϯ 0.29 mol/mg of total protein when incubated for 30 min. The same elution fraction obtained by purification of a strain lacking His 10 -PelF did not impact the total UDP-glucose concentration when added to cell lysate of the PelF-deficient mutant (Fig. 3) .
In vitro glycosyltransferase activity of PelF. The UDP-glucose dehydrogenase-based assay was performed as described in Materials and Methods. Our data indicated that PelF did not show any activity when Pel oligomers were added to the reaction mixture. Similarly, no activity of PelF was observed when potential metal cofactors MnCl 2 , MgCl 2 , and CaCl 2 were used in the assay (data not shown). To assess the role of undecaprenyl phosphate as an acceptor molecule, inner membrane (IM) fractions were added to the assay reaction mixture. UDP-glucose concentrations did not change in the presence or absence of IM, compared to the reaction mixture to which PelF was not added. Interestingly, when the soluble fraction of the ⌬pelF mutant was added to the assay, PelF showed activity, reducing the UDP-glucose concentration from 53.9 Ϯ 2.98 to 39.9 Ϯ 2.84 nmol. When retentate fractions (Ͼ10 kDa) were added to the reaction mixture in the presence of PelF, the UDP-glucose concentration decreased from 57.65 Ϯ 4.62 to 40.80 Ϯ 2.27 nmol. UDP-glucose concentrations did not show any significant difference in the presence or absence of PelF when filtrate (Ͻ10 kDa) was added to the assay reaction mixture (Fig. 4) .
Roles of other soluble proteins on PelF activity. To understand the role of other soluble proteins (Ͼ10 kDa) in PelF activity, heat-and protease-treated soluble fractions were used in an assay. PelF showed no activity when proteins were inactivated by protease or/and heat. The UDP-glucose concentrations in assays were 57.60 Ϯ 2.59, 60.55 Ϯ 3.21, and 58.54 Ϯ 3.57 nmol when heatinactivated, protease-treated, or protease-treated/heat-treated soluble fractions were used, respectively (Fig. 5) . In contrast, when PelF was used in the presence of the untreated soluble fraction, the UDP-glucose concentration was reduced to 41.2 Ϯ 2.31 nmol.
Analysis of the catalytic mechanism of PelF by site-directed mutagenesis. To identify amino acid residues involved in the catalytic mechanism of PelF, site-specific mutagenesis of conserved residues was performed. In PelF, E405 and E413 are proposed to be the two glutamic acids of the EX 7 E motif, based on sequence homology to previously characterized GT-4 glycosyltransferases. Replacement of neither E405 nor E413 abolished the activity of the enzyme. However, replacement of E405 with A did reduce the activity of the enzyme to 30.35% Ϯ 3.15%, whereas replacement of E413 with A showed no significant effect on the activity of the enzyme, as assessed by pellicle formation in the Congo red binding assay (Fig. 6) . The double mutant E405A/E413A showed an in vivo activity of 36.74% Ϯ 3.24% of wild type. This was similar to the The score is the Ϫlog 10 (P) value, where P is the probability that the observed match is a random event. Individual ion scores of Ͼ56 indicate identity or extensive homology (P Յ 0.05). c Expected score based on BLAST search. d The sequence between the peptides was identified by MS. The amino acid before the period at the N terminal and that after the period at the C terminal indicate the cleavage sites. aeruginosa PAO1 mutants. PAO1⌬A (PAO1 ⌬pslA), Psl-deficient/Pel-producing mutant; PAO1⌬F⌬A (PAO1 ⌬pelF⌬pslA), Pel-deficient/Psl-deficent mutant; PAO1⌬F⌬A (PAO1 ⌬pelF⌬pslA) ϩ PelF, partially purified PelF added to soluble fraction of cell lysate from Pel-deficient/Psl-deficent mutant (*PelF was partially purified as described in Materials and Methods); PAO1⌬F⌬A (PAO1 ⌬pelF⌬pslA) ϩ No PelF, the elution fraction not containing PelF but containing coeluted proteins was added to the soluble fraction of the cell lysate from the Pel-deficient/Psl-deficient mutant. All experiments were conducted in triplicate, and mean values presented in the graphs. Standard deviations are shown as the error bars.
result with the single mutant E405A, suggesting that the second glutamic acid does not play a role in the enzymatic activity of PelF (Fig. 6) . The roles of a conserved arginine and lysine had been shown previously in glycosyltransferases of the GT-4 family. To study the roles of the conserved lysine and arginine in PelF, R325, K330, and K333 were replaced by A. Interestingly, the mutants R325A or K330A were not able to form any pellicle at the airliquid interface, as seen with the PelF-deficient strain. These data suggested that these amino acid residues play a critical role in PelF activity. The mutant K333A formed a pellicle similar to the wild type, with Congo red binding that was 96.12% Ϯ 3.51% of that of the wild type. Although PelF appears to belong to the GT4 family, which contains metal-independent retaining glycosyltransferases, it does appear to have two DXD motifs, which are known to be involved in the catalytic activity of metal-dependent glycosyltransferases. To exclude the possibility of these being involved in PelF's catalytic mechanism, all four aspartic acids were replaced by alanine (14, 15) . The pellicle-forming abilities of the mutants D301A, D303A, D360A, and D362A were 95.86% Ϯ 3.03%, 96.39% Ϯ 2.47%, 95.21% Ϯ 5.21%, and 97.51% Ϯ 3.86%, respectively, compared to the wild type (Fig. 6) .
DISCUSSION
Little is known about the structure and chemical nature of Pel. In this study, the production of PelF, a putative glycosyltransferase, was demonstrated, and its functional role in Pel formation was assigned. Here, experimental evidence for the subcellular localization of PelF and the use of UDP-glucose as the substrate for biosynthesis of the Pel polysaccharide was provided. Essential amino acid residues involved in the activity of PelF were identified. PelF, tagged with His 10 at its N terminus, was able to restore pellicle formation when expressed in a PelF-deficient strain, suggesting that the addition of the extra amino acids at the N terminus of PelF did not interfere with the function of the protein. Bioinformatics analysis showed that PelF is a putative glycosyltransferase with no transmembrane helices. This suggested that PelF might be soluble and located in the cytosol. Subcellular fractionation confirmed that PelF is mainly found in the soluble cytosolic fractions of cells (Fig. 1) .
Three proteins that coeluted with PelF had apparent molecular masses similar to PelA (104.5 kDa), PelE (36 kDa), and PelC (18.7 kDa). The absence of these proteins in the elution fraction derived from the pelF-deficient mutant suggested that these proteins potentially interact with PelF. However, these proteins were not found to be encoded by the pel operon. The hypothetical protein PA4657 (GI 15599852) in P. aeruginosa showed sequence similarity with FAD/NAD-dependent oxidoreductases. Previously, it was shown that FAD-dependent oxidoreductase is required to maintain disulfide bonds of bacterial proteins (28) . PelF contains 6 cysteine residues that may be involved in disulfide bond formation. We speculate that PA4657 is required to maintain the disulfide bonds of PelF.
In a previous study, carbohydrate analysis of the total exopolysaccharides produced by Pel-deficient and Pel-producing strains showed that Pel might be composed of glucose (5) . Hence, it was assumed that UDP-glucose could be a direct precursor of Pel syn- IM fraction (containing 4 mg/ml total protein); no PeLFϩIM, partially purified suspension without PelF and 5 l (containing 4 mg/ml total protein) inner membrane fraction; PelFϩC, PelF and 5 l soluble fraction (containing 4 mg/ml total protein); no PeLFϩC, partially purified suspension without PelF and 5 l soluble fraction (containing 4 mg/ml total protein); PelFϩRet, PelF and 5 l retentate of soluble fraction (containing 4 mg/ml total protein) filtered; no PeLFϩRet, partially purified suspension without PelF and 5 l retentate of soluble fraction (containing 4 mg/ml total protein); PelFϩFilt, PelF and 5 l filtrate of soluble fraction (containing 1 mg/ml total protein); no PeLFϩFilt, partially purified suspension without PelF and 5 l filtrate of soluble fraction (containing 1 mg/ml total protein). All experiments were conducted in triplicate, and mean values are presented. Standard deviations are shown as error bars. thesis and used as the substrate by PelF, the only putative glycosyltransferase encoded by the pel operon. Consequently, in an isogenic pelF knockout strain, i.e., in the absence of the putatively UDP-glucose-converting PelF, UDP-glucose might be present in the cytosol at elevated concentrations compared to the wild type. For this purpose, a UDP-glucose dehydrogenase-based assay was developed, and it confirmed that the UDP-glucose levels in the pelF knockout mutant were significantly elevated, suggesting that UDP-glucose is a substrate of PelF, a precursor of Pel, and that glucose is a constituent of the Pel polysaccharide (Fig. 3) . UDPglucose quantification has been done previously by using capillary zone electrophoresis (CE) (29) and high-performance liquid chromatography (30) . MALDI-TOF/MS has also been used for detection of a range of metabolites in cells (31) . Here, the use of UDP-glucose dehydrogenase to quantify the concentration of UDP-glucose in samples of cell extracts is reported. The low K m values of UDP-glucose dehydrogenase for UDP-glucose make this enzyme an ideal candidate for sensitive detection of UDP-glucose (24) . The UDP-glucose dehydrogenase catalyzes a 2-fold oxidation of UDP-glucose (UDP-␣-D-glucose) and reduces NAD(P)/ NAD ϩ to NADH, the concentration of which can be easily monitored spectrophotometrically (32) . Previously, it was reported that NADH does not inhibit UDP-glucose dehydrogenase by binding to its active site at higher concentrations (33, 34) . In vitro PelF utilized UDP-glucose as a substrate in the presence of soluble components, with an apparent molecular mass of Ͼ10 kDa, indicating that PelF uses UDP-glucose as a donor substrate toward glycosylation of an unknown receptor molecule. In E. coli, during O-antigen biosynthesis, undecaprenyl phosphate acts as a receptor (35) . That there was no PelF activity in the presence of the IM fraction suggested that PelF does not require undecaprenyl phosphate as an acceptor molecule for initiation of polysaccharide biosynthesis (Fig. 4) . Interestingly, PelF only showed activity in the presence of a cytosolic soluble fraction containing macromolecules with a size of Ն10 kDa (Fig. 4) . This suggested that the PelF activity requires the presence of another factor, i.e., an acceptor molecule and/or an activator protein. Heat and protease treatment of this soluble fraction abolished PelF activity, which suggested that another protein is required for PelF activity (Fig. 5) . Previously, it was shown that the activation of some glycosyltransferases depends upon their interactions with auxiliary proteins. One glycosyltransferase, DesVII, which is involved in the biosynthesis of the macrolide antibiotics methymycin and pikromycin in Streptomyces venezuelae, was only activated if an auxiliary protein, DesVIII, was present (36) (37) (38) . Similarly, other glycosyltransferases have been found to require another auxiliary protein for their activity (39) (40) (41) . A recent study showed the role of two auxiliary proteins, Srm6 and Srm28, in the activation of two glycosyltransferases, Srm5 and Srm29, respectively, and both are required for the biosynthesis of spiramycin by Streptomyces ambofaciens (42) . Activity of the glycosyltransferase EryCIII, which is required for biosynthesis of the antibiotic erythromycin D, is dependent upon an auxiliary protein, EryCII (43) . Although the roles of these auxiliary proteins are not clear, it has been proposed that these auxiliary proteins are required to induce conformational changes of the glycosyltransferases, which consequently activate these enzymes (36, 42) .
Based on amino acid sequence similarities, glycosyltransferases have been classified into 91 families in the CAZy database. Bioinformatics analysis suggested that PelF belongs to glycosyltransferase family 4 (CAZy) and the glycosyltransferase 1 family (Pfam), respectively. Members of this family are retaining glycosyltransferases. A conserved EX 7 E motif present in the C-terminal domains of the retaining glycosyltransferases has been previously reported as a characteristic of these glycosyltransferases (44) . An alignment of the amino acid sequence of PelF with glycosyltransferases from the GT-4 family showed the presence of conserved amino acid residues and an EX 7 E motif in the C-terminal domain of the protein. Previous studies proposed that these conserved residues are involved in stabilizing the donor substrate and in glycosidic bond formation as a nucleophile (45) (46) (47) (48) (49) (50) . Here, it was shown that replacement of E405 in this motif with alanine caused a significant reduction in PelF activity, whereas mutation of the second glutamic acid, E413, had almost no impact on PelF activity, as shown by pellicle production at the air-liquid interface (Fig.  6) , although according to the model proposed by Kapitonov and Robert (44) the second glutamic acid residue in the EX 7 E motif is anticipated to be the catalytic residue in retaining glycosyltransferases. However, it has been shown that this is not always the case. For example, for AceA, a mannosyltransferase from Acetobacter xylinum (45) , human muscle glycogen synthase (46) , and Alg11, an ␣1,2-mannosyltransferase from Saccharomyces cerevisiae (51) , replacement of the first and not the second glutamic acid residue with alanine results in a significant reduction in enzyme activity. However, in Gpi3, which is involved in glycosylphosphatidylinositol biosynthesis in S. cerevisiae, the second glutamic acid residue has been shown to be important for the enzyme activity (48) . For alg11, replacement of the first glutamic acid with alanine (E405A) significantly reduced activity, but complete loss of enzyme activity was not observed compared to the ⌬alg11 mutant. However, a double mutation (E405A/E413A) of both the first and second glutamic acid residues resulted in complete inhibition of Alg11 activity (51) . Similarly, with PelF, the mutation of the first glutamic acid E405A did not abolish the activity completely (Fig.  6 ). Interestingly, a double mutation (E405A/E413A) in PelF also did not result in complete loss of enzyme activity. This indicated that the second glutamic acid is not essential for activity and that perturbation in the motif caused by replacing the second glutamic acid residue with alanine is tolerated by the enzyme, suggesting a distinct reaction mechanism that differs from other glycosyltransferases.
In some glycosyltransferases a DXD signature is present in which the carboxyl groups coordinate a divalent cation and/or a ribose (52, 53) . Two conserved DXD motifs were found in PelF. Replacing all four aspartic acid residues with alanine showed no effect on enzyme activity, suggesting that these aspartic acid residues are not essential for the catalytic reaction mechanism, as had been described for other glycosyltransferases (Fig. 6) .
In previous studies, a conserved arginine and/or lysine has also been shown to be required for enzyme activity of glycosyltransferases. In AceA (45) and Alg11 (51), replacement of the conserved K211 and K319 with A, respectively, significantly reduced the activity of these enzymes. Similarly, mutagenesis of conserved R604 in chitin synthase from S. cerevisiae results in a drastic decrease of the enzymatic activity (54) . With PelF, when the respective K330 and R325 residues were replaced with A, the in vivo enzyme activities of each mutant, K330A or R325A, were abolished (Fig. 6 ). These data suggest that both K330 and R325 have an essential role in the enzymatic activity of PelF. Structural analysis has shown that R196 and K202 in the mannosyltransferase PimA from mycobacteria (49) and R300 and K305 in the glycogen synthase from E. coli form hydrogen bonds to the oxygens of the distal phosphate group of the donor nucleotide sugar (55) . Using the Protein Homology Recognition Engine (PHYRE 2 program) (56), a model structure of PelF based on the crystal structure of WaaG from E. coli (PDB ID 2IW1) was generated with 100% confidence (Fig. 7) . Based on this structural model and the site-specific mutagenesis data, it is suggested that R325 and K330 in PelF are involved in forming a hydrogen bond with the phosphate oxygens of UDP-glucose. In the PelF structural model, E405, R325, and K330 form a UDP-glucose-binding pocket that could constitute the catalytic site of the enzyme (Fig. 7) .
Overall, our study suggested that PelF is a soluble glycosyltransferase that uses UDP-glucose as a donor substrate toward the biosynthesis of the Pel exopolysaccharide. Site-directed mutagenesis showed that E405, the first glutamic acid of the conserved EX 7 E motif, plays a significant but nonessential role in PelF activity and that R325 and K330 are essential for the activity of PelF.
